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A chromatography fraction, prepared from isolated thylakoids of a fatty acid desaturation mutant (Fad6/desADKmr) of the
cyanobacterium Synechocystis 6803, could induce an initial cleavage of the D1 protein in Photosystem II (PSII) particles of Synechocystis
6803 mutant and Synechococcus 7002 wild type as well as in supercomplexes of PSII-light harvesting complex II of spinach. Proteolysis was
demonstrated both in darkness and in light as a reduction in the amount of full-length D1 protein or as a production of C-terminal initial
degradation fragments. In the Synechocystis mutant, the main degradation fragment was a 10-kDa C-terminal one, indicating an initial
cleavage occurring in the cytoplasmic DE-loop of the D1 protein. A protein component of 70–90 kDa isolated from the chromatographic
fraction was found to be involved in the production of this 10-kDa fragment. In spinach, only traces of the corresponding fragment were
detected, whereas a 24-kDa C-terminal fragment accumulated, indicating an initial cleavage in the lumenal AB-loop of the D1 protein. Also
in Synechocystis the 24-kDa fragment was detected as a faint band. An antibody raised against the Arabidopsis DegP2 protease recognized a
35-kDa band in the proteolytically active chromatographic fraction, suggesting the existence of a lumenal protease that may be the
homologue DegP of Synechocystis. The identity of the other protease cleaving the D1 protein in the DE-loop exposed on the stromal
(cytoplasmic) side of the membrane is discussed.
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1. Introduction primary cleavage site to the protease, a light-inducedWithin the studies of Photosystem II (PSII) function,
proteolysis of the reaction center subunits has received
increasing attention [1–3]. PSII is frequently undergoing
photoinduced damages targeted to its reaction center
protein D1, which is constantly degraded and resynthe-
sized through an intricate repair mechanism in order to
provide a properly functioning subunit to PSII [4]. Deg-
radation of the D1 protein occurs via a multistep proteo-
lytic reaction [5]. It is thought that in order to expose the0005-2728/$ - see front matter D 2003 Elsevier B.V. All rights reserved.
doi:10.1016/j.bbabio.2003.09.007
* Corresponding author. Tel.: +358-2-3335793; fax: +358-2-3335549.
E-mail address: eira.kanervo@utu.fi (E. Kanervo).conformational change in the D1 protein is required in
vivo [5–8]. Based on the detection of N-terminal 23-kDa
and C-terminal 10-kDa fragments, the primary cleavage is
believed to take place mainly in the stromal loop con-
necting the transmembrane helices D and E of the D1
protein [9–12]. Fragments of several other sizes, however,
have also been found. From these, a C-terminal 24-kDa
fragment has been detected in isolated PSII complexes
from plants following the donor side photoinhibition,
indicating a cleavage also in the AB-loop of the D1
protein [13,14]. Furthermore, a C-terminal 16-kDa frag-
ment has been found both in isolated PSII complexes in
plants and in the Synechocystis mutant, indicating a
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[12,14].
There are several recent reports on the identity of proteases
involved in the turnover of the D1 protein in plants and
cyanobacteria. It was reported in plants that the D1 protein is
degraded in at least two steps with different nucleotide
requirements: GTP for the primary step and ATP and zinc
for the secondary steps [15]. Later, it was demonstrated that
DegP2 is a likely candidate for the primary protease in
Arabidopsis thaliana, generating the typical N-terminal 23-
kDa fragment [16]. This protease was demonstrated to be
tightly membrane-bound, associated with the stromal side of
the non-appressed region of the plant thylakoid membrane.
Moreover, the ATP-dependent zinc metalloprotease FtsH has
been reported to function in plant thylakoid membranes as a
secondary protease degrading the 23-kDa fragment of the D1
protein, generated in pea thylakoids or isolated PSII core
complexes [17]. Partially at variance with this view, a
member of the FtsH family was recently suggested to be
responsible for the initial cleavage of the D1 protein in plant
and cyanobacteria [18,19]. In the latter studies, FtsH was
found to be required for the efficient turnover of the D1
protein and for protection against photoinhibition in vivo in
var2-2 mutant of Arabidopsis [19]. In Synechocystis 6803,
one member of the FtsH family (slr0228) was found to be
important for optimizing the D1 repair cycle, probably at an
early step of the degradation process [18]. Furthermore, it was
recently demonstrated that a protease with the molecular
mass of around 140 kDa, associated with the light-harvesting
complex II (LHCII) trimers, was capable of degrading the D1
andD2 proteins of PSII core preparations from bean [20]. The
LCHII–protease complex was suggested to function in the
regulation of the PSII unit assembly or adaptation. Altogeth-
er, it seems that there are relatively many candidates for
proteases involved in D1 protein degradation, and the identity
of the primary enzymes remains under debate. This compli-
cation may also result from the fact that proteolytic processes,
distinct from those involved in the light-induced turnover,
may affect the D1 protein and other subunits of PSII.
To increase our understanding of D1 protein proteolysis,
we have further characterized in vitro the proteolytic activity
of the Synechocystis 6803 mutant strain (Fad6/desADKmr)
that was earlier found to possess an unusually high D1-
degrading activity as well as degradation of other PSII
subunits like D2 and CP43 [11]. This fatty acid desaturation
double mutant [21,22] accumulates saturated and monoun-
saturated fatty acids in the thylakoid membrane but lacks
polyunsaturated fatty acids. This deficiency makes the mu-
tant extremely susceptible to PSII photoinhibition both at
growth temperature [23] and at low temperature [24]. Con-
trary to the wild-type cells, degradation of the D1 protein in
this mutant occurs readily in the thylakoid suspension under
denaturing conditions, even at low temperature, without any
treatment by light or chemicals [11]. In the present work we
attempted to identify proteolytic activities involved in deg-
radation of the D1 protein in cyanobacteria and also to testthe efficiency of the cyanobacterial proteolytic system to
degrade plant D1 protein, taking advantage of the availability
and properties of this mutant. A proteolytic activity against
the D1 protein copurified with a FPLC fraction containing
cyanobacterial thylakoid membrane proteins as well as
lumenal proteins. This fraction could induce an initial
cleavage of the D1 protein, not only in two cyanobacterial
species, Synechocystis 6803 and Synechococcus 7002, but
also in spinach. The identity of the proteases involved in the
various systems will be discussed.2. Materials and methods
2.1. Cyanobacterial strains and plant material
Cells of the fatty acid double mutant Fad6/desA:Kmr of
the cyanobacterium Synechocystis sp. PCC 6803 [21,22]
were grown autotrophically at 33 jC under constant illumi-
nation at 70 Amol photons m 2 s 1. The BG-11 culture
medium was supplementally buffered with 20 mM
HEPES–NaOH, pH 7.5 and contained kanamycin (30 Ag
ml 1). Wild-type Synechocystis sp. PCC 6803 cells were
grown in the same way, but without kanamycin. Cells of the
cyanobacterium Synechococcus sp. PCC 7002 were grown
like the wild-type Synechocystis cells, but at the temperature
of 38 jC. A mass cultivation of cells was performed with
1% CO2 bubbling. As plant material, 4-week-old spinach
(Spinacea oleracea) and pumpkin (Cucurbita pepo) were
used, grown hydroponically at 500 Amol photons m 2 s 1
and in pots at 500 Amol photons m 2 s 1, respectively.
2.2. Isolation and treatment of cyanobacterial thylakoid
membranes for FPLC
To isolate thylakoid membranes from cyanobacteria for
FPLC fractionation, the procedure of Burnap et al. [25] was
followed with minor modifications. The cells (medium/late
log phase) were harvested by centrifugation, washed twice
with washing buffer (50 mM HEPES–NaOH, pH 7.5, 30
mM CaCl2) and resuspended in isolation buffer (50 mM
HEPES–NaOH, pH 7.5, 30 mM CaCl2, 0.8 M sorbitol, 1.0
M glycine betaine, 1 mM 6-aminocaproic acid). Cell break-
age was achieved by agitation of the cold cell suspension
with an equal volume of 0.1-mm glass beads using Bead
Beater (BioSpec Products, Bartlesville, OKLA). Glass
beads were pelleted from the homogenate by low speed
centrifugation at 1000 g, washed once with the isolation
buffer and the combined supernatant subjected to centrifu-
gation at 5000 g for 10 min to pellet the unbroken cells,
cell debris and remaining glass beads. From the resultant
supernatant, membranes were collected by ultracentrifuga-
tion at 150,000 g for 1 h. After discarding the (blue)
supernatant, the thylakoids were washed once with the
isolation buffer and finally resuspended in the same buffer
adjusting the chlorophyll concentration to 1 mg ml 1.
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biliproteins, thylakoid membranes were subjected to a mild
treatment with dodecyl maltoside (DM) using DM/Chl ratio
of 0.5:1 (w/w). After centrifugation at 175,000 g for 1 h,
the thylakoid membrane pellet was resuspended in the
HMCG medium (50 mM HEPES–NaOH, pH 7.5, 10 mM
MgCl2, 5 mM CaCl2, 25% glycerol) to the Chl concentra-
tion of 1 mg ml 1. To break the thylakoid membranes, the
suspension was further treated with both DM and octylglu-
copyranoside (OGP) using the DM/OGP/Chl ratio of 1.6:8:1
(w/w) by mixing the suspension and subjecting it to centri-
fugation at 240,000 g for 1 h. The supernatant (DM-OGP
extract), containing solubilized thylakoid complexes, single
thylakoid membrane proteins and lumenal proteins, was
carefully collected. Immediately prior to FPLC, DM was
added to the extract to give the detergent-Chl ratio of 10:1
(in excess of the DM already present).
2.3. FPLC fractionation
The procedure of Burnap et al. [25] was followed with
minor modifications. The DM-OGP extract was loaded onto
a DEAE-Toyopearl 650S (Tosoh, Tokyo, Japan) column
equilibrated with low-salt buffer (20 mM MES–NaOH, pH
6.2, 10 mM MgCl2, 25% glycerol, 75 mM NaCl, 0.025%
DM). The column was first washed with low-salt eluant
(which eluted biliproteins, other proteins not attached to the
column, and carotenoids) and then eluted with a linear 75–
200 mM NaCl gradient in the same buffer. Fractions (1.5
ml) were collected and pooled to form four main fractions
designated as fractions 1 to 4. Fraction 1 contained all the
protein and pigment materials that did not bind to the
column. Fractions 2, 3 and 4 contained protein complexes
and proteins released by the salt gradient. From these, only
fraction 3 was used in this study as a source for PSII
particles. Proteins were precipitated with ammonium sulfate
followed by centrifugation at 30,000 g for 45 min. Sam-
ples were resuspended in the HMCG-medium, frozen in
liquid N2 and stored at  80 jC.
2.4. Isolation and light-treatment of PSII–LHCII
supercomplexes from spinach
Thylakoid membranes were isolated from spinach leaves
and PSII–LHCII supercomplexes prepared from spinach
leaves as described earlier [26]. The supercomplexes were
finally resuspended in 50 mM HEPES (pH 7.5) buffer
containing 0.5 M glycine betaine, 5 mM CaCl2, 10 mM
MgCl2 and 0.01% DM [26]. Samples diluted to a Chl
concentration of 0.1 mg ml 1 in buffer to which 15%
glycerol was added were subjected to illumination with
1000 or 2500 Amol photons m 2 s 1 at  2 jC for 15 or
40 min, respectively. Electron transport activity of PSII was
measured as a steady-state oxygen evolution under saturating
light intensity with a Clark-type oxygen electrode (Hansa-
tech, UK) by using 0.5 mM pPBQ as an electron acceptor.2.5. Assay for proteolytic activity
Illuminated or non-illuminated PSII–LHCII supercom-
plexes of spinach were incubated with the proteolysis-induc-
ing fraction (P-fraction) of Synechocystis at 25 jC under non-
denaturing conditions for 30 or 60 min. The samples were
solubilized with the Laemmli [27] method at 65 jC for 5 min
and subsequently used for SDS-PAGE. In some experiments,
non-illuminated PSII–LHCII supercomplexes of spinach
and PSII particles or thylakoids of Synechocystis mutant
were incubated with the P-fraction under denaturing con-
ditions (i.e. in the Laemmli solubilization buffer) in darkness
at 0 jC for 60 or 120 min and subsequently used for SDS-
PAGE. The proteolysis of the D1 protein was detected from
immunoblots as an appearance of the primary degradation
fragments or as a reduction of the full-length D1 protein.
2.6. SDS-PAGE, gelatin-PAGE and immunoanalysis
SDS-PAGE was performed according to Laemmli [27]
using 12% acrylamide in the separation gel; 6 M urea was
included in the experiments described in Figs. 4, 5, 6B and
C. Resolved proteins were electroblotted (semi-dry transfer
apparatus, Pharmacia) onto Immobilon-P membrane (Milli-
pore) according to Towbin et al. [28]. The D1 protein and
its 10- and 24-kDa C-terminal fragments were detected
either with an antiserum raised against the oligopeptide
NYGYKFGQE containing the amino acids 234-242 in the
DE-loop (anti-D1DE) of the D1 protein of Synechocystis
sp. PCC 6803, or with the antiserum raised against amino
acids 333–353 in the C terminus (anti-D1C) of the D1
protein of pea (a kind gift from Prof. P. Nixon, Imperial
College, London). The FtsH antiserum was raised against
the FtsH protein of E. coli (a kind gift from Prof. T.
Ogura, Kumamoto University, Japan). The DegP2 antise-
rum was raised against a recombinant DegP2-protein of
Arabidopsis (a kind gift from Dr. Iwona Adamska, Stock-
holm University, Sweden).
For the gelatin gels, 10% acrylamide and 0.05% gelatin
were used in the separation gel. After electrophoresis the gel
was incubated in the buffer containing 50 mM Tris–HCl,
pH 7.5, 5 mM MgCl2, 5 mM CaCl2, 0.5 mM Zn-acetate, 0.5
mM DTT, 1% Triton X-100 at room temperature for 30 min
with shaking. Thereafter the gel was incubated in the same
buffer but Triton X-100 excluded, at 37 jC for 12–15 h to
allow the protease activity to develop, and subsequently
stained (Coomassie brilliant blue) and destained.
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3.1. Isolation of an FPLC fraction having a proteolytic
activity against the D1 protein
In our earlier study [11] we have reported that a thylakoid
suspension from the Synechocystis 6803 mutant had a very
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bated under denaturing conditions (in Laemmli solubiliza-
tion buffer) at 0 jC. In an attempt to identify the protein
components responsible for the observed proteolytic activ-
ity, this suspension was detergent-treated and fractionated
by FPLC using a linear 75–200 mM NaCl gradient. Fig. 1
presents the chromatography profile and the four pooled
fractions.
The four FPLC fractions were analyzed for their relative
content of the D1 protein (insert in Fig. 1). The yellowish-
coloured fraction 1, composed of pigments and proteins
eluting through the column before the salt gradient started,
did not contain any D1 protein. Fractions 2, 3, and 4
consisted of large protein complexes, like PSII, containing
the D1 protein. Notably, these three fractions were free from
the D1-degrading activity, as compared to the crude extract
sample that could produce the 10-kDa C-terminal fragment
when incubated under denaturing conditions at 0 jC. This
demonstrates that the primary protease for the D1 protein
was not active or, alternatively, was absent from the
fractions 2, 3 and 4. For further experiments in search for
proteolytic activity, only fraction 3, having the highest PSII
content (hereafter called as ‘‘PSII fraction’’ or ‘‘PSII par-
ticles’’) was used as a source of substrate, the D1 protein.
Fraction 1 was next tested for its D1-degrading activity.
This was done by solubilizing PSII particles of Synecho-
cystis mutant or Synechococcus 7002 wild type with SDS
(in Laemmli-solubilization buffer) in the presence and
absence of the fraction 1 at 0 jC for 2 h, and the content
of the D1 protein was analyzed by immunoblotting. As
demonstrated in Fig. 2, the amount of the full-length D1
protein in PSII particles of both cyanobacterial species
was dramatically reduced in the presence of fraction 1.
These results indicate that the fraction 1 (hereafter calledFig. 1. FPLC profile of thylakoid proteins from Synechocystis mutant at 280 nm
presents the relative D1 protein content in each fraction. Details of FPLC are desc
were applied in the wells 1–4. CE: crude thylakoid extract, 0.17 Ag Chl (1.4 Ag
C-terminal 10-kDa degradation fragment of the D1 protein is indicated.the proteolysis-inducing fraction or P-fraction) contains
either a primary protease itself or an essential regulatory
component.
3.2. A 70–90-kDa protein of the proteolysis-inducing
fraction produces a 10-kDa initial C-terminal fragment of
the D1 protein in Synechocystis
Since the P-fraction of the Synechocystis mutant
contained numerous polypeptides, as visualized by staining
the SDS-PAGE gel (not shown), the proteolysis-inducing
activity of this fraction was next dissected to a more specific
molecular-mass region. After SDS-PAGE, the entire gel lane
of the P-fraction was cut into 5-mm pieces that were placed
into microtubes. The substrate (PSII particle suspension
from Synechocystis) and Laemmli-solubilization buffer were
added and the gel pieces were crushed quickly with the
suspension rod. The mixture was incubated at 0 jC for 2
h and the second SDS-PAGE was performed. Separated
polypeptides were analyzed by Western blotting with the
D1DE antibody.
The gel pieces 3 and 4, corresponding the 70–90-kDa
molecular mass region of polypeptides in the P-fraction,
induced D1 degradation as visualized by the appearance of
the 10-kDa C-terminal primary fragment (Fig. 3). The gels
were slightly overloaded and the blots overexposed to
visualize the fragment band. The C-terminal degradation
fragment band could be captured, since secondary proteol-
ysis apparently occurred relatively slowly at 0 jC, the
temperature used for incubation and solubilization. These
results indicate that the P-fraction contained a protein
component, possibly a protease of 70–90 kDa that is
responsible for inducing proteolysis of the D1 protein in
the isolated, non-illuminated PSII particles of Synechocystis.showing the four main fractions (1–4) pooled. The insert (immunoblot)
ribed in Materials and methods. Samples of 0.5-Ag protein (ca 0.06 Ag Chl)
protein) loaded. Anti-D1DE antibody was used in the immunoanalysis. The
Fig. 2. Immunoblot showing degradation of the D1 protein in the
cyanobacterial PSII particles induced by the proteolysis-inducing fraction
(P-fraction) of Synechocystis. PSII particles (1.0 Ag protein per lane)
isolated from the mutant of Synechocystis 6803 and the wild type of
Synechococcus 7002 were incubated in the absence () and presence (+) of
the P-fraction (4.0 Ag protein) under denaturing conditions on ice for 2 h.
Immunoanalysis was performed with the anti-D1 antibody.
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degradation in spinach PSII–LHCII supercomplexes and
generated a 24-kDa C-terminal primary fragment
As a next step we attempted to investigate whether the
proteolysis-inducing elements of the P-fraction from Syne-
chocystis can also cause degradation of the D1 protein from
DEFig. 3. Estimation of the molecular mass and activity of the D1-proteolysis-
enhancing component present in the proteolysis-inducing fraction (P-
fraction) of Synechocystis mutant. Two successive SDS-PAGE analyses
were performed. First, polypeptides of the P-fraction (5 Ag protein) were
resolved on SDS-PAGE. The entire gel lane was cut into 5-mm pieces
(total 30) that were crushed in the mixture of solubilization buffer and PSII
particles (0.03 Ag Chl or 0.25 Ag protein) of Synechocystis mutant.
Suspension was incubated on ice for 2 h and the second SDS-PAGE
performed. Immunoblotting analysis was done with the anti-D1DE
antibody. Only the high molecular mass gel fractions (1–6), two of them
containing D1-degrading activity, are shown. T: thylakoid sample (control);
0: PSII particles incubated without the P-fraction (control). The 10-kDa
C-terminal degradation fragment is indicated.higher plants. For this purpose, PSII–LHCII supercom-
plexes were isolated from spinach. To induce an initial light
damage, known to make the D1 protein susceptible for
proteolytic degradation [2,4], PSII–LHCII supercomplexes
were exposed to the light intensity of 2500 Amol m 2 s 1
at  2 jC for 40 min. This treatment caused 70% loss in
PSII activity as detected by measurements of oxygen
evolution, without any loss of the D1 protein. To allow
the D1 protein degradation to start and proceed, the samples
were subsequently incubated in darkness at 25 jC for 30 or
60 min in the presence and absence of the Synechocystis P-
fraction, under non-denaturing conditions. After the dark-
incubation, the samples were solubilized with Laemmli-
solubilization buffer at 65 jC for 5 min, SDS-PAGE was
run and immunoanalysis performed with the D1DE antibody.
In the photoinactivated samples that were transferred to
darkness, the amount of the full-length D1 protein gradually
decreased in the presence of the P-fraction of Synechocystis
(Fig. 4). In the absence of the P-fraction, no decrease in the
amount of the D1 protein could be seen. These results show
that the P-fraction of Synechocystis mutant contains a
protease or a protein component capable of inducing effi-
cient degradation of the higher-plant D1 protein following a
high-light treatment.
To study the fragmentation of the D1 protein induced by
the addition of the P-fraction, as it was above described in
Synechocystis (Fig. 3), an experiment was performed in
which spinach PSII–LHCII supercomplexes were exposed
to the light intensity of 1000 Amol m 2 s 1 at  2 jC for
15 min (Fig. 5A). These samples were subsequently incu-
bated in darkness at 25 jC either in the absence or presence
of the P-fraction under non-denaturing conditions for 60Fig. 4. Proteolysis of the D1 protein of spinach PSII–LHCII super-
complexes induced by a cyanobacterial proteolytic factor. High-light-
treated (2500 Amol m 2 s 1,  2 jC, 40 min) spinach PSII–LHCII
supercomplexes (0.3 Ag Chl in each lane) were incubated in the absence
(P) and presence (+ P) of the proteolysis-inducing fraction (P-fraction,
2.4 Ag protein) of the Synechocystis mutant in darkness at 25 jC for 30 or
60 min. Samples were solubilized (65 jC, 5 min) and used for SDS-
PAGE. Immunodetection was performed with the anti-D1DE antibody. HL:
high light.
Fig. 5. Proteolysis of the D1 protein in spinach induced by the proteolysis-inducing fraction (P-fraction) from Synechocystis mutant. (A) 0: control, 15: after 15-
min incubation at HL (high light). High-light-treated (1000 Amol m 2 s 1,  2 jC, 15 min) spinach PSII–LHCII supercomplexes (0.3 Ag Chl) were incubated
in darkness in the absence () or presence (+) of the P-fraction (2.4 Ag protein) at 25 jC under non-denaturing conditions for 60 min. Non-illuminated spinach
PSII–LHCII supercomplexes (0.3 Ag Chl) were incubated in darkness in the presence (+) of the P-fraction (2.4 Ag protein) under non-denaturing conditions
(non-den) at 25 jC or under denaturing conditions (den) at 0 jC for 60 min. S: non-illuminated PSII particles (0.3 Ag Chl) of the Synechocystis mutant
incubated in darkness in the presence of the P-fraction (2.4 Ag protein) under denaturing conditions for 60 min. Immunoanalysis was performed with the anti-
D1C antibody. The 24- and 10-kDa C-terminal primary degradation fragments of the D1 protein are indicated. (B) Non-illuminated spinach PSII–LHCII
supercomplexes (0.3 Ag Chl) were incubated in darkness in the absence () and presence (+) of the P-fraction (2.4 Ag protein) under denaturing conditions
(den) for 60 or 120 min. Immunoanalysis was performed with the D1DE antibody. The 10-kDa C-terminal degradation fragment of the D1 protein is indicated.
Molecular mass markers are shown to the left of the blots. The films are overexposed to visualize the fragments.
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supercomplex samples were incubated in darkness in the
presence of the P-fraction both under non-denaturing con-
ditions at 25 jC and denaturing conditions at 0 jC for 60
min. As a control, a non-illuminated sample of Synechocys-
tis PSII particles was incubated with the P-fraction under
denaturing conditions at 0 jC for 60 min. SDS-PAGE was
run and immunoanalysis performed using the D1DE and
D1C antibodies. In all samples, of both plant and cyano-
bacterial origin, where the P-fraction was present, a 24-kDa
C-terminal primary fragment appeared, although only in
marginal amounts in Synechocystis (Fig. 5A). This fragment
was detected only with the D1C antibody. In contrast to
accumulation of the 10-kDa C-terminal fragment in Syne-
chocystis (Fig. 3), only a very faint corresponding band
appeared in the non-illuminated spinach samples incubated
under denaturing conditions in the presence of the P-fraction
in the blots probed with the D1DE antibody (Fig. 5B). These
results indicate that the initial cleavage of the D1 protein in
spinach occurred preferentially in the AB-loop rather than in
the DE-loop. This concerns both the illuminated and non-illuminated samples of spinach, suggesting that light was
not a prerequisite for the activity of the P-fraction.
3.4. Location of FtsH and DegP proteases in the two FPLC
fractions
The overall proteolytic activity of the P-fraction of
Synechocystis was studied by gelatin-PAGE. Fig. 6A shows
that the highest protease activity exists in the 50–100-kDa
region of the separation gel, producing a continuous white
area. In the lower part of the gel lane, clear separate bands
exist with molecular masses of 47, 35 and 30 kDa. The P-
fraction of Synechocystis thus contains several SDS-stable
protease activities.
Since two proteases, the FtsH protease and the DegP,
have been shown to be important in D1 protein degradation
[16–19], we next dissected which of the two fractions from
Synechocystis, the PSII particle fraction or the P-fraction,
contained these proteases. For this purpose, SDS-PAGE
followed by immunoanalysis was performed using the anti-
bodies raised against E. coli FtsH protease and Arabidopsis
Fig. 6. SDS-stable protease activities in the proteolysis-inducing FPLC fraction from the Synechocystis mutant (A) and localizations of FtsH (B) and DegP (C)
proteases in the two thylakoid membrane fractions of the Synechocystis mutant. (A) Gelatin gel lane; (B and C) immunoblots. (B) P: proteolysis-inducing
fraction from the Synechocystis mutant (10 Ag protein); PSII: PSII particle fraction from the Synechocystis mutant (10 Ag protein); pu: thylakoid sample from
pumpkin containing 1.5 Ag Chl (or 12 Ag protein, control); WT and M: thylakoid samples from Synechocystis 6803 wild type and mutant, respectively,
containing 1.5 Ag Chl (or 12 Ag protein, controls). In (C), 4-Ag protein was used per lane. Molecular mass markers are shown to the left of the gel and blots.
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protein of around 60 kDa in the PSII particle fraction (Fig.
6B). In some blots, degradation fragments of FtsH (20–25
kDa) could be seen. In the (control) thylakoid samples of the
mutant and wild type of Synechocystis, a strong FtsH
response in the same position (60 kDa) was detected. In
another control sample, the pumpkin thylakoids, two FtsH
bands existed, with slightly higher molecular masses than
the one detected in Synechocystis. The FtsH antibody did
not cross-react with any protein in the P-fraction. These
results indicate that the PSII particle fraction, but not the P-
fraction, contained at least one of the FtsH proteases in
Synechocystis.
The DegP2 antibody cross-reacted with a polypeptide
of around 35 kDa from the P-fraction of Synechocystis
(Fig. 6C). This result demonstrates that a member of the
DegP (or HtrA) protease family is likely to be present in
the P-fraction.4. Discussion
Degradation of the D1 protein has been mainly investi-
gated in the context of its turnover following photoinhibi-
tory damage to PSII complex (e.g. Refs. [4,7,13,14]).
However, in addition to this type of proteolysis that istargeted to the D1 protein, there must exist also proteases
that attack the D1 protein under conditions when PSII
becomes destabilized or is not properly assembled. Thus,
the D1 protein would be prone to a less specific (cleaning
up) process, together with other PSII proteins like D2 and
CP43. The mutant analyzed in this work has been previ-
ously reported to be more susceptible to photoinhibition
both at growth temperature [23] and at low temperature [24]
as compared to the wild type due to lack of polyunsaturated
fatty acids in the membrane. As also the D1-degrading
activity showed abnormalities, as compared to the wild type
[11], it cannot be excluded that the mutations have also
affected the expression of proteolytic machineries in the
mutant.
Aiming at the general analysis of D1 proteolysis in
cyanobacteria and plants, we fractionated thylakoid mem-
branes of Synechocystis mutant by FPLC, through which the
proteolytic activity against D1 became separated into a
specific (‘‘P’’-) fraction, apart from the PSII particles (Fig.
1). Effective D1 proteolysis could be induced by adding the
P-fraction to the PSII particle suspension of two cyanobac-
terial species (Synechocystis 6803 mutant and Synechococ-
cus 7002 wild type) (Fig. 2) and to the PSII–LHCII
supercomplex suspension of spinach (Figs. 4 and 5). This
suggests that neither cyanobacterial nor plant PSII com-
plexes contain, as such, all the components needed for an
E. Kanervo et al. / Biochimica et Biophysica Acta 1607 (2003) 131–140138effective D1 proteolysis, or, they are present only in sub-
catalytic amounts. Neither did the PSII–LHCII supercom-
plexes of spinach, alone, show any D1-degrading activity,
which is at variance with a recent study [20]. The fact that
the plant D1 protein could be degraded with help of the
cyanobacterial proteolytic system indicates that the proteo-
lytic machinery for D1 degradation has maintained substan-
tial conservation within photosynthetic organisms during the
evolution.
The main D1 fragment that was induced in the spinach
PSII–LHCII supercomplexes by the P-fraction of Synecho-
cystis, and also weakly detected in Synechocystis, was the
24-kDa C-terminal one. This fragment appeared under any
conditions used provided the P-fraction was present, i.e. in
the pre-illuminated and non-illuminated PSII samples, as
well as after incubation of the PSII/P-fraction mixtures
under non-denaturing and denaturing conditions (Figs. 5
and 7). In the earlier studies, the 24-kDa C-terminal degra-
dation fragments detected in plants have been interpreted to
originate from the photoinhibitory triggering events occur-
ring on the oxidising side of the PSII reaction center
[13,14,30,31]. In the present study, weakly discernable
degradation fragments ranging from 23 to 16 kDa were
also found in the overexposed blots of the pre-illuminated
spinach PSII–LHCII particles in the absence of the P-
fraction (data not shown), consistent with earlier studies
on illuminated plant PSII particles and core complexes
[14,32]. Notably, contrary to Synechocystis mutant, only
marginal amounts of the 10-kDa C-terminal fragment could
be seen in spinach samples (Fig. 5B), a fragment size known
to appear in response to photodamage induced from the
acceptor side of PSII [4]. To conclude, the accumulation of
the 24-kDa C-terminal degradation products implies that the
AB-loop (Fig. 7) would be the preferential initial cleavage
site of the spinach D1 protein when proteolysis was inducedFig. 7. Folding model of the D1 protein with the five transmembrane
helices (A–E) (Ref. [29], modified). Epitopes for the anti-D1DE and anti-
D1C antibodies are indicated. The cutting sites in the D1 protein, generating
the 10- and 24-kDa C-terminal primary degradation products, are shown.by the P-fraction from Synechocystis, which is at variance
with the situation in the cyanobacterial mutant where the 10-
kDa fragment was dominating. These results could be
explained at the enzyme (different proteases) or at the
substrate level (different accessibility of the cleavage sites).
The most likely candidate for the protease acting on the
AB-loop on lumenal side of the spinach thylakoid mem-
brane in our study would be the DegP (HtrA) protease. The
bacterial DegP has a plant homologue DegP1 with 30%
identity to the Synechocystis DegP protein [33]. DegP1 has
previously been demonstrated to be capable of degrading
some lumenal and model membrane protein substrates
[34,35]. In our study, both the immunoresponse from the
P-fraction (Fig. 6C) and the 35-kDa band in the gelatin gel,
possibly representing DegP (Fig. 6A), suggest that activity
of this cyanobacterial protease induced the 24-kDa C-
terminal primary fragments of the D1 protein in spinach
and Synechocystis.
Differently from spinach, the 10-kDa C-terminal frag-
ment was the prominent primary degradation product in
Synechocystis, as detected with both D1DE and D1C anti-
bodies (Figs. 3 and 5). This fragment was induced by the P-
fraction from non-illuminated PSII particles under denatur-
ing conditions in darkness. We have earlier demonstrated
the production of this 10-kDa fragment from thylakoids of
the same Synechocystis mutant under denaturing conditions
in darkness [11]. The size of the 10-kDa C-terminal D1
fragment suggests that the protease activity in question is
targeted to the DE-loop (Fig. 7) of the D1 protein on the
stromal (cytoplasmic) side of the thylakoid membrane.
Notably, the 10-kDa C-terminal fragment of the D1 protein
from the PSII-particles of Synechocystis was induced only
in the presence of a 70–90-kDa protein of the P-fraction
(Fig. 3).
Candidates for thylakoid proteases, having the molecular
mass of around 70–90 kDa, are rather difficult to consider
among the membrane or lumenal peptidases found in
Synechocystis [33]. Several of these peptidases represent
leader- or processing aminopeptidases, whose nature may
not be the best one regarding the specific task of degrading
an integral membrane protein like the D1 protein. These
include the aminopeptidase HtpX (669 amino acids) that
was recently shown to have some complementary or over-
lapping functions with the FtsH protease in E. coli [36]. A
plant homologue of the ATP-independent serine protease
SppA1 (protease IV, sll1703) was recently found in Arabi-
dopsis, residing in the stroma-exposed thylakoid membranes
[37]. However, the plant SppA protease is a homotetramer
of ca. 270 kDa and active only as a tetramer.
The FtsH protease family in Synechocystis consists of
four members, from which FtsH2 (slr0228) and FtsH3
(slr1604) have the molecular masses of 59 and 57 kDa,
respectively [38]. The FtsH2 protease has been suggested to
be involved in the D1 turnover in Synechocystis, similarly to
the FtsH2 homologue in Arabidopsis [19]. In our study, the
FtsH protease was recognized as a ca. 60-kDa protein in the
E. Kanervo et al. / Biochimica et Biophysica Acta 1607 (2003) 131–140 139membrane fraction (PSII particle fraction) of Synechocystis
(Fig. 6B), the molecular mass and localization consistent
with a recent study [38]. Accordingly, the FtsH protease,
being absent from the P-fraction, cannot thus represent the
protease inducing the 10-kDa C-terminal primary fragment
of the D1 protein in Synechocystis (Fig. 3). This is consis-
tent with the earlier study in which FtsH was reported to
function as a secondary, but not the primary, protease for the
light-induced D1 protein degradation [16,17]. However, the
possibility cannot be excluded that the 70–90-kDa protein
detected in Synechocystis in our study would represent a
regulatory component (see e.g. Refs. [39–41]) for the
activity of FtsH present in the PSII substrate complex
(Fig. 6B). It has also been shown that FtsH can function
under denaturing conditions, even in the absence of ATP,
provided the substrate is sufficiently unstructured [42], as
probably was the case in our in vitro experimental system.
Alternatively, the 70–90-kDa protein may be an unknown
protease or a protease complex, comprised of undissociated
or aggregated smaller components. The high gelatin-degrad-
ing activity at the 50–100-kDa region of the P-fraction (Fig.
6A) gives support to the latter alternative.
Altogether, our results provide support for a multitude of
proteolytic events involved in degradation of the D1 protein
by specific and cleaning-up proteases. It remains to be
elucidated to what category the protease activities observed
in the P-fraction from the cyanobacterial mutant can be
classified. Nevertheless, the first biochemical evidence for
the lumenal DegP protease functioning in the cleavage of
the D1 protein in the lumenal AB-loop is given for spinach.Acknowledgements
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